transgenic plants while retaining the gene of interest (GOI) (Ebinuma et al., 2001; Cotsaftis et al., 2002; Wang et al., 2011; Kapusi et al., 2013; Yau and Stewart, 2013; Oliva et al., 2014) . Transposition is an advantageous strategy for marker gene removal, because it allows intact transgene insertion with defined boundaries and requires only a few primary transformants (Cotsaftis et al., 2002) . Transposon-mediated transgene reintegration was initially used by Goldsbrough et al. (1993) to reposition a Ds transposon-based β -glucuronidase (GUS) reporter gene in transgenic tomato. In this study, the Ds(GUS) element in T-DNA was tandem-linked to both Ac transposase (AcTPase) and NptII selectable marker to allow the transposition and segregation of
Ds from T-DNA-based AcTPase and NptII. Cotsaftis et al. (2002) used the same strategy to reposition a Ds-based Bt endotoxin gene in transgenic rice and recovered marker-free plants resistant to insects. However, these studies employed Southern blot analysis to identify stable insertions of Ds elements in T1 and T2 transgenic plants.
Southern blot analysis is labor intensive and systematically inefficient for screening a large number of transgenic populations. Ac/Ds elements tend to reintegrate at genome sites closely linked to the donor site (Dooner et al., 1991; Smith et al., 1996; Machida et al., 1997; Walbot, 2000; Lazarow et al., 2013) , and only a fraction of somatic transpositions can be transmitted to the next generation (Kolesnik et al., 2004) .
Therefore, transposon vectors available for marker-free transformation need to be improved to realize the efficient selection of unlinked germinal transpositions.
For recovering stable Ds insertions, a Ds element must be transposed to a new site that is sufficiently distant from the T-DNA site harboring AcTPase and selectable marker to break the linkage between the two sites. In transposon tagging studies, counter selection against Ds donor sites and AcTPase using an IAAH marker or green fluorescent protein (GFP) was established to enrich unlinked Ds transpositions from segregating transgenic populations (Sundaresan et al., 1995; Kolesnik et al., 2004; Qu et al., 2008) . Meanwhile, plants that carry reintegrated Ds elements are identified by another selectable marker within the Ds element. This dual selection scheme can exclude Ds elements that remain tightly linked to T-DNA donor sites because of proximal transposition and select only plants that carry transposition to distal sites in the genome. Therefore, marker-free transformation can be realized by employing a counter-selection scheme in transposon tagging to eliminate T-DNA-bearing transgenic progeny and by screening reintegrated Ds elements that carry GOI through the PCR assay of T-DNA-free progeny. Michelmore et al. (1991) established bulked segregant analysis (BSA) to efficiently identify individual plants with polymorphic RFLP or RAPD markers from segregating populations. BSA is realized by mixing DNA samples of multiple plants having the same phenotype, detecting polymorphism between the bulks, and analyzing individual plants among the bulks differing in the markers. The principle behind BSA is to group informative individuals so that a particular locus can be studied against a randomized genetic background of unlinked loci. The DNA pool approach in BSA may be extended to screening segregating transgenic populations for the efficient selection of marker-free GOI-bearing plants.
In the present study, we improved the transposon-mediated transgene reintegration strategy by redesigning the in cis Ac/Ds vector (Qu et al., 2008 ) that was originally used for transposon tagging. A Ds-based GOI was linked to GFP in T-DNA, and a GFP-aided counter-selection against T-DNA was used together with PCR-based positive selection for the Ds(GOI) to screen marker-free progeny. For Ds (GOI) detection, the pooled DNA of multiple GFP-negative plants was assayed by the PCR amplification of GOI sequence, and individual plants in GOI-positive pools were further analyzed to identify GOI-positive plants. This study efficiently generated marker-free transgenic plants with optimized transgene insertion and expression. The transposon-mediated marker-free platform established in this study can be used in rice and possibly in other important crops.
We constructed an in cis Ac/Ds transposon vector (pLJ26, Fig. 1A ), in which the Ds element is linked to immobilized AcTPase, hygromycin phosphotransferase (HPT) and GFP. The vector carries both Ds and AcTPase to mobilize the Ds element after transforming T-DNA into plant cells. A GOI is cloned into a unique AscI site in the Ds element, which functions as a carrier to reposition the GOI to unlinked sites.
The intermediate cloning vector pLJ16 (Fig. 1A ) was constructed to assemble the DNA fragments of the GOI. The multiple cloning site in pLJ16 was designed in such a way that the multiple cloning site sequence was flanked by two sites of AscI, a rare-cutting restriction enzyme with an 8 bp recognition sequence. The GOI in pLJ16
can be released by AscI and be inserted into the Ds element in pLJ26.
The HPT gene in pLJ26 functioned as a transformation selectable marker. The GFP gene carried by the vector was used for two purposes. First, the GFP in plant transformation functioned as a fluorescent reporter that allows the direct visualization of transformed cells. Second, GFP in T1 or other segregating generations of transgenic plants served as a counter-selectable marker that eliminates the progeny carrying T-DNA-based AcTPase, HPT, and GFP itself. Ds elements that remain closely linked to T-DNA sites because of proximal transposition were excluded by counter-selection against GFP-positive (GFP+) plants, and progeny carrying transposition to more distal sites in the genome can be retained. In the final step of selection, marker-free transgenic plants were recovered from GFP-negative (GFP−) progeny through the PCR assay of the GOI (Fig. 1B) .
To test the efficacy of the vector system described above, we cloned two versions of the Bacillus thuringiensis (Bt) ð-endotoxin gene, Bt-1 and Bt-2, into the Ds elements in pLJ26 to construct pZJ53 and pZJ54 (Fig. 1C) . The Bt-1 and Bt-2 genes both have the coding sequence of the Bt ð-endotoxin, but Bt-2 contains an additional 5′ coding sequence of a chloroplast transit peptide.
Kongyu-131 were co-cultivated with Agrobacterium strains that harbor the Ac/Ds vectors pZJ53 and pZJ54, respectively, and then subjected to transformation selection.
After 27 d of selection culture, hygromycin-resistant (Hyg+) secondary calli that grew from the co-cultivated calli showed fluorescence when assayed under a GFP detector ( Fig. 2A) We cloned the 1.8 kb EDS-PCR products of seven pZJ54/Zhejing-22 transformants (two calli in Fig. 2C and five plants in Fig. 3B ) into a TA-cloning vector and sequenced two to six clones per transformant to characterize the Ds excision events. In total, 22 EDS clones were analyzed through multiple sequence alignment (Supplemental Fig. S2 ). For each of the #2 and #3 calli and each of the #19, #24, and #29 T0 plants, more than one EDS clone showed polymorphic Ds excision sites. This result suggested that independent excisions occurred in multiple T-DNAs or in different cell lineages. Thirty-one pZJ53/pZJ54 T0 plants were analyzed using PCR with primers specific to the T-DNA ends, and multiple T-DNA copies linked in direct tandem repeats were detected in 32.3% (10/31) of the plants (Supplemental Figs. S3 and S4) .
The EDS bands of the #4 and #41 pZJ54/Zhejing-22 T0 plants were smaller than expected ( Fig. 3B; Supplemental Fig. S1 ). Sequence analysis of the two small EDS bands of the #4 pZJ54/Zhejing-22 plant revealed the insertion of a vector backbone Taken together, the Ds(Bt) elements in most of the transformed rice calli and T0
plants showed transposition activity.
Recovery of Marker-Free Transgenic Plants by Genetic Screening
The pZJ53 and pZJ54 vectors were initially tested by transformation using the Fig. 3; Supplemental Fig. S1 ). The parents of four Zhejing-22 lines with marker-free segregants were analyzed using both EDS-PCR and FDS-PCR. The parents of the #7
and #30 pZJ54/Zhejing-22 lines were EDS+FDS+, and those of the #4 pZJ53/Zhejing-22 and #16 pZJ54/Zhejing-22 lines were EDS+FDS− (Fig. 3) .
The segregation ratio of fluorescent plants to non-fluorescent plants in each T1
line was investigated through the chi-square test (Table I) . Twenty-three (50%) lines segregated with a 3:1 Mendelian pattern of inheritance and the other 23 (50%) lines with non-Mendelian ratios of distortion toward non-fluorescent plants.
We isolated Ds flanking sequences from three marker-free lines and T-DNA flanking sequences from the T0 parental plants by TAIL-PCR and determined the genome positions of transposed Ds elements and their donor T-DNAs. These analyses were performed to ascertain whether or not the marker-free plants were derived from unlinked transposition. As shown in Table II , the transposed Ds elements and their donor T-DNA sites were located on different rice chromosomes. Since the marker-free lines for TAIL-PCR were selected on a random basis, the reintegrated Ds elements obtained through our selection scheme tend to be distributed within unlinked genomic regions.
Of the 12 T1 lines that segregated marker-free plants (Table I) , 11 segregated multiple marker-free plants. For the three lines whose Ds flanking sequences were analyzed by TAIL-PCR, multiple marker-free siblings carried the same reintegrated Ds elements (Table II) , suggesting that the marker-free plants were principally derived from transpositions at the early stages of plant development.
Non-fluorescent segregants from a total of 28 lines were characterized by PCR amplification of the HPT and GFP genes (Table I) . Non-fluorescent plants showing HPT+GFP−, HPT−GFP+, or HPT+GFP+ pattern were identified in 28.6% (8/28) of the lines, which can be attributed to the HPT and GFP sequence rearrangement or to the GFP silencing in the T1 generation (see Discussion).
For the three rice lines whose Ds(Bt) reintegration sites had been determined (Table II) 
Analysis of Transposition Activity in T1 Plants
Eight to forty GFP+ plants from each of the 18 pZJ53-transformed T1 lines were
assayed by EDS-PCR or by EDS-PCR and FDS-PCR to explore whether or not the
Ds(Bt) elements in the T1 plants were still capable of transposition (Table III and Fig. 5). Ds excision sites were amplified for all the 11 GFP+ plants of the #4 pZJ53/Zhejing-22 line (Table III and Fig. 5A ). Marker-free Ds plants were previously recovered from the same T1 population of the #4 pZJ53/Zhejing-22 line (Table I) . We also analyzed the GFP+ plants from 17 pZJ53/Kongyu-131 T1 lines that had not segregated marker-free Ds plants (Table III; ELISA using an antibody directed against the Bt protein was performed on the leaf protein extracts of marker-free T2 plants from three transgenic lines (Table IV) .
All the marker-free Ds(Bt) plants expressed the Bt protein at levels comparable with the positive control T51-1, a previously characterized Bt-transgenic rice line (Tu et al., 2000) .
The insecticidal effect of the Bt protein in transgenic rice was tested in bioassays against rice striped stem borers. At 5 d after the treatment, the larval mortality rates of two pZJ53/Zhejing-22 transformants (T0) containing the Bt-1 gene reached up to 100% and were significantly higher than those of the pZJ54/Zhejing-22 transformants containing the Bt-2 gene as well as the untransformed control (Supplemental Table S1 for the results of pZJ53 T0 plants). The corrected larval mortality rates of the marker-free T2 lines 11-2 (pZJ53/Kongyu-131) and 4-2 (pZJ53/Zhejing-22) reached 64.1% and 67.9%, respectively, at 4 d after feeding (Table V) . These data indicated that the marker-free plants containing the Bt-1 gene were highly toxic to the rice pest striped stem borer.
Ideally, the Ds-based GOI in the marker-free transgenic plants reintegrates into the plant genome without insertional mutation of endogenous genes. As shown in Figure 7 , the Ds(Bt) elements in the marker-free plants from the 11-2 and 14-2 pZJ53/Kongyu-131 lines were reintegrated into the intergenic regions of the rice genome, and the Ds(Bt) in the 4-2 pZJ53/Zhejing-22 line were reinserted into the coding region of the rice gene Os04g57320. Thus, we selected one homozygous T2 plant without obvious morphological alterations from each of the 11-2 and 14-2 lines, and evaluated their T3 progeny by field plot experiment (Supplemental Table S2 ). The somatic activity of Ds elements in transgenic rice can be monitored by constructing P-Ubi:Ds:GUS cassette and conducting the histochemical GUS assay of rice tissues (Qu et al., 2009) . In the present study, we examined Ds excisions by the PCR amplification of EDS sequences. Ds excision was detected in 100% of the transformed calli or plantlets and in 60.5% of the adult T0 plants. Similar frequencies were reported in the Ac/Ds tagging systems of rice (Chin et al., 1999; Nakagawa et al., 2000; Greco et al., 2001; Kolesnik et al., 2004 in transformed calli and young plants might be due to their highly active cell division and DNA replication, which enhance transposition (Ros, 2001) . Among the transformants assayed in EDS-PCR, the #4 pZJ54/Zhejing-22 transformant contained
Ds-induced deletion of flanking sequences. Similar results were observed in maize, wherein the Ds elements often leave behind a deletion of adjacent sequences when they excise (Scott et al., 1996) . In addition, the EDS-PCR products of the #4 pZJ54/Zhejing-22 transformant contained a vector backbone sequence, which might have been co-transferred with T-DNA during rice transformation. Previous studies reported that 45% of Agrobacterium-transformed rice lines contain a vector backbone sequence (Kim et al., 2003) .
The T-DNAs carrying unexcised Ds elements were detected by amplifying the FDS sequences. For transformants with multiple T-DNA loci, FDS was possibly amplified from one locus while EDS was amplified from another locus. Similarly, for transformants containing multiple T-DNA copies, FDS was possibly amplified from one T-DNA copy while EDS was amplified from another copy. The average number of T-DNA copies per rice transformant was estimated to be 1.8 to 2 (Sallaud et al., 2003) . We designed outward-directed primers specific to the T-DNA ends and amplified the multiple T-DNA copies co-integrated in direct repeats at a single locus in 32.3% of the pZJ53/pZJ54 transformants. reinsertions. This result is consistent with previous reports in Arabidopsis (Honma et al., 1993; Balcells and Coupland, 1994) and in rice (Cotsaftis et al., 2002 
MATERIALS AND METHODS

Vector Construction
The 3′Ds sequence in pWS32 (GenBank Accession AF433043) was amplified using PCR primers LJ13-3′Ds_HindIII-F (5′-AAGCTTTAGGGATGAAAACGGTCGGT-3′) and LJ14-3′Ds_AscI-R (5′-GGCGCGCCATTCAATTAGCAGGATTCATAAG-3′) and then cloned into pMD19-T (Takara, Japan) to construct pLJ11. An AscI linker (annealed with synthesized oligos 5′-phosphate-AGCTTGCGGCCGCGGCGCGCCG-3′ and
5′-GATCCGGCGCGCCGCGGCCGCA-3′) was inserted between the BglII and
HindIII sites in pCAMBIA-0380 (GenBank Accession AF234290) to construct pWX01. The 5′Ds sequence in pWS32 was released as a 1. 
Rice Transformation
Mature rice seeds were cultured on NB medium (Chen et al., 1998) sucrose, and 0.3% phytagel, pH 5.8). After 10 to 15 d, the transformed rice plants (T0) were transplanted into the soil.
GFP Fluorescence Assay
The transformed rice calli and plants were examined under a fluorescent protein macro detector set (BLS, Hungary) using an appropriate excitation source (460 to
nm) and filter (FHS/EF-2G2, 505 to 515 nm). Fluorescence images of calli in
Petri dishes were obtained under the detector using a digital camera (SONY,
with a GFP filter.
Rice Genomic DNA Extraction
Rice leaf tissue was frozen in liquid nitrogen and ground to a fine powder. The frozen tissue was homogenized in DNA extraction buffer (100 mM Tris-HCl, pH 8.0; 10 mM EDTA, pH 8.0; 1 M KCl). The tube was incubated in a water bath at 75 °C for 20 min and then centrifuged at 12,000 rpm for 10 min. The supernatant was transferred into a new tube, and an equal volume of isopropanol was added. The solution was gently mixed and then centrifuged at 12,000 rpm for 5 min. After washing with 70% ethanol and drying in air, the DNA pellet was dissolved in 40 μ L of distilled water.
PCR Amplification of Transposon EDS and FDS
The transposon EDS and FDS were amplified in PCR reactions using the primers P1 (5'-GCAAAGACCCCAACGAGAAG-3') and P2
(5′-CGGGAGATGCAATAGGTCAG-3′), and primers P1 and P3
(5′-TTCCTTGTGGACTTGGATCTG-3′), respectively. The expected sizes of the 
PCR Amplification of Bt, HPT, and GFP in Transgenic Rice Plants
The primers for amplification of the Bt, HPT, and GFP genes were as follows: Bt, 
TAIL-PCR of Ds and T-DNA Flanking Sequences
To isolate Ds flanking sequences, three rounds of TAIL-PCR reaction were performed using the conditions described by Liu and Chen (2007) The PCR reactions were conducted in the Veriti® Thermal Cycler (Applied Biosystems, USA). Amplification reaction products were fractionated on 1.0% agarose gels. PCR bands were cut from the gels and purified using a PCR DNA purification kit for sequencing. The Ds or T-DNA flanking sequences were confirmed by PCR using a T-DNA or Ds-specific primer and a flanking sequence-specific primer.
Southern Blot Analysis
Southern blot hybridization was conducted using PCR DIG Probe Synthesis 
RNA Isolation and RT-PCR Analysis
Transcripts 
ELISA of the Bt Protein in Transgenic Rice
ELISA was conducted using the DAS ELISA kit to detect the Bt-Cry1Ab/1Ac
proteins (Cat No. PSP 06200, Agdia Inc., USA). Rice leaf tissue (5 g) was ground in 5 mL of 1× PBST buffer, and the supernatant was prepared by centrifugation (10000 rpm, 1 min). The supernatant (100 µL) of each sample was added into a well coated with the Bt-Cry1Ab/1Ac antibody in the ELISA plate. The contents were mixed with 100 µL of the enzymatic conjugate and then incubated at 25 °C for 2 h. The ELISA plate was washed seven times in an immunowash microplate washer (Model 1575, Bio-Rad Laboratories, Inc., USA). A 100 µL aliquot of TMB substrate solution was added to each well, and the mixed contents were incubated for 20 min. The Bt protein in the samples was detected using the optical density of color development measured at 450 nm in a microplate reader (Model 680, Bio-Rad Laboratories, Inc., USA). All samples were assayed in duplicate, and positive and negative controls (Agdia Inc., USA) were included.
Bioassay of Rice Plants against Striped Stem Borer
For each treatment, rice leaves were placed on wet cotton in a finger-shaped test tube to maintain humidity, and then six larvae of striped stem borer at the second instar stage were placed in the tube for feeding. The mouth of each tube was covered with a cotton ball. The tubes were randomly assigned to the treatments. Three independent biological replicates were performed for each treatment. The survival of striped stem borer was monitored on a daily basis, and larvae mortality and leaf damage were continuously recorded for 4 to 5 d. Percent corrected mortality was calculated using Abbott's formula: % Corrected mortality = [(% Kill in treated -% Kill in control)/(100 -% Kill in control)] × 100.
Field Evaluation of Marker-Free Transgenic Rice Plants
The rice seeds of marker-free transgenic lines were imbibed in water at 35 °C for 30, 2013 using the IRRI standard evaluation system for rice (IRRI, 1996) .
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Supplemental Figure S1 . PCR amplification of the EDS, Ds(Bt), and GFP sequences in the #31 to #45 pZJ54/Zhejing-22 T0 plants.
Supplemental Figure S2 . Multiple sequence alignment of the Ds excision sites in pZJ54/Zhejing-22 transformants.
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Supplemental Figure S4 . PCR amplification and sequence analysis of direct T-DNA repeats in pZJ54/Zhejing-22 T0 plants.
Supplemental Figure S5 . Sequence of the 1244 bp EDS-PCR product of the #4 pZJ54/Zhejing-22 T0 plant.
Supplemental Figure S6 . Sequence of the 917 bp EDS-PCR product of the #4 pZJ54/Zhejing-22 T0 plant.
Supplemental Figure S7 . Southern blot analysis of marker-free transgenic rice plants.
Supplemental Figure S8 . RT-PCR of the Ds-based Bt gene in pZJ54/Zhejing-22 T0 plants.
Supplemental Table S1 . Mortality rates of rice striped stem borer fed on young leaves of two pZJ53/Zhejing-22 transformants (T0).
Supplemental Table S2 . Evaluation of the agronomic traits of two marker-free transgenic rice lines. Hyg+GFP+ calli of the pZJ54/Zhejing-22 transformation were randomly selected for rice DNA extraction. DNA was amplified using primers P1 and P2 (Fig. 1B) to detect the EDS sequence. For rice calli marked with an asterisk, 1.8 kb EDS-PCR bands were purified and sequenced for further analysis (Supplemental Fig. S2 ). M, Trans 2K plus II DNA marker (TransGen Biotech, China); 1 to 9, Hyg+GFP+ calli; vector, pZJ54. (Table III) were reintegrated at the same genome site (Table II) . Kongyu-131 and Zhejing-22, untransformed rice cultivars. 
